INTRODUCTION
Learning and memory, as well as the underlying synaptic plasticity that mediates adaptive behaviors, require the synthesis of new genes and proteins (Davis and Squire, 1984; Kelleher et al., 2004) . In particular, rapid synthesis of new proteins in dendrites or at individual synapses likely contributes to the longevity and synapse selectivity of plasticity (Steward and Schuman, 2001) . Characterization of the mRNAs and protein targets whose synthesis is required for the cellular models of learning, longterm potentiation (LTP) and depression (LTD), will be instrumental in understanding how experience leads to the plasticity of individual synapses. Activity-regulated cytoskeleton-associated protein (Arc) (also termed activity-regulated gene of 3.1 kb, or Arg3.1) is an immediate-early gene induced in response to sensory experience, learning, LTP, spatial exploration, and novelty (Gusev et al., 2005; Guzowski et al., 1999 Guzowski et al., , 2006 Link et al., 1995; Lyford et al., 1995; Montag-Sallaz et al., 1999; Ons et al., 2004) . These associations implicate a role for Arc in shaping plastic changes brought about by salient neuronal stimuli. Intriguingly, Arc mRNA is transported into dendrites following induction and specifically accumulates at active synapses, suggesting that local synthesis of Arc protein at synapses may mediate plasticity and encoding of Arc-inducing stimuli (Link et al., 1995; Lyford et al., 1995; Moga et al., 2004; Steward et al., 1998; Steward and Worley, 2001) . In support of this idea, constitutive deletion of Arc or acute inhibition of Arc synthesis with antisense oligonucleotides inhibits memory consolidation (Guzowski et al., 2000; McIntyre et al., 2005; Plath et al., 2006) .
The function of Arc protein remained elusive until recently when Chowdhury et al. (2006) demonstrated that Arc interacts with components of the endocytosis machinery, dynamin and endophilin, to stimulate AMPA receptor endocytosis. Consequently, overexpression of Arc leads to decreases in postsynaptic AMPA receptor expression and excitatory synaptic transmission onto hippocampal CA1 neurons Rial Verde et al., 2006) . Arc-induced decreases in synaptic function are thought to share mechanisms with acute forms of synaptic depression or LTD that is induced by low-frequency synaptic stimulation (1 Hz) and NMDA receptor activation Rial Verde et al., 2006) . However, Arc transcription and translation are induced by high-frequency (>100 Hz) synaptic stimulation that induces synapse strengthening or LTP, not low-frequency, LTD-inducing stimulation (Link et al., 1995; Steward et al., 1998) . Therefore, it has been suggested that Arc may mimic LTD but may not normally contribute to NMDAR-induced LTD (Rial Verde et al., 2006) . Instead, Arc-induced synaptic depression has been proposed to function as a homeostatic mechanism to reset total synaptic strength on a neuron during LTP or high levels of neuronal activity (Rial Verde et al., 2006; Shepherd et al., 2006) . However, it remains unknown whether there are LTD paradigms that induce Arc or whether Arc plays a physiological role in LTD.
Activation of group 1 metabotropic glutamate receptors (mGluRs) induces a form of LTD in CA1 neurons that is distinct from NMDAR-dependent LTD (Huber et al., 2000; Oliet et al., 1997) . mGluR-and NMDAR-dependent LTD are both mediated by endocytosis and decreased surface expression of postsynaptic AMPARs, but they rely on distinct signaling cascades and do not occlude each other (Carroll et al., 1999; Colledge et al., 2003; Huber et al., 2001 ; Moult et al., 2006; Oliet et al., 1997; Snyder et al., 2001) . The latter suggests that mGluR-and NMDAR-dependent LTD are expressed at different synapses and/or affect different populations of AMPARs. What determines which synapses or AMPARs are susceptible to mGluR-or NMDAR-LTD is unknown. mGluR-mediated effects are particularly interesting, because mGluR-LTD and the associated decreases in surface AMPARs rely on rapid dendritic protein synthesis, unlike NMDAR-LTD (Huber et al., 2000; Snyder et al., 2001) . Consistent with the dependence on dendritic protein synthesis, mGluR-LTD is abnormal in a mouse model of fragile X syndrome mental retardation that is caused by a deficit in dendritic RNA-binding protein Fragile X Mental Retardation Protein (FMRP) (Hou et al., 2006; Huber et al., 2002; Koekkoek et al., 2005; Nosyreva and Huber, 2006) . From this work, it has been proposed that the mRNAs whose translation is required for mGluR-LTD (termed ''LTD proteins'') are regulated by FMRP and code for proteins that regulate AMPAR trafficking. Interestingly, FMRP associates with Arc mRNA, although a direct interaction is controversial (Iacoangeli et al., 2008; Zalfa et al., 2007 Zalfa et al., , 2003 .
In an effort to identify LTD proteins, we evaluated how mGluR activation leads to long-term decreases in AMPAR surface expression. Here, we report that brief activation of group 1 mGluRs results in a persistent increase (of at least 1 hr) in the endocytosis rate for GluR1 that requires new protein synthesis. This suggested that mGluRs stimulate synthesis of a rate-limiting component of the AMPAR endocytosis machinery. Due to its role in AMPAR endocytosis and dendritic mRNA expression, we focused our analysis on Arc. We present data indicating that rapid Arc synthesis is required for mGluR-LTD and functions as an LTD protein.
RESULTS
Brief Group 1 mGluR Activation Induces a Long-Term, Protein-Synthesis-Dependent Increase in AMPAR Endocytosis Rate To determine how brief mGluR activation persistently alters AMPAR trafficking, we measured surface AMPARs and the internalization rate of AMPA receptor subunit GluR1 using receptor biotinylation in high-density, dissociated hippocampal neuron cultures. Application of the group I mGluR agonist DHPG (100 mM, 5 min) resulted in a long-term (1 hr) decrease in surface levels of the AMPAR subunits GluR1 ( Figures 1A and 1B ) and GluR2/3 (see Figure S1C available online). To determine whether mGluR-LTD correlates with persistent changes in GluR1 internalization rate, surface receptors were labeled with a cleavable form of biotin 1 hr after DHPG application and allowed to internalize at 37 C for 5 min. Biotin bound on remaining surface receptors was then cleaved, and internalized receptors, as well as total GluR1 levels, were measured. In these measurements, total GluR1 levels were not affected by DHPG (107% ± 7% of control; n = 17 cultures; p = 0.5) and therefore were used to normalize the internalized receptors within the same sample. According to this assay, the accumulation of intracellular GluR1 (during the 5 min endocytosis period) 1 hr after DHPG increased to 263% ± 57% above control cultures (Figures 1C and 1D and  Table S1 ). These data indicate that even 1 hr after DHPG treatment we observed an increase in endocytosis rate. In principle, this increased rate, accompanied by decreased surface GluR1, could be due to either an increase in the endocytosis rate constant (k endo ) or a decrease in the exocytosis rate constant (k exo ) (assuming a model of first-order kinetics). Two separate calculations, one made through measuring dynamic receptor internalization and the other made using steady-state receptor levels, indicate the former ( Figure S2 ). In a two-pool receptor model where all surface receptors are available for endocytosis, the internalization rate constant can be calculated as the slope of a plot between the ratio of internalized to surface AMPAR versus time. With this approximation, the relative change in the endocytosis rate constant (k endo ) for GluR1, an hour after DHPG washout, increased by a factor of 4.4 relative to control, untreated sister cultures. Using steady-state surface GluR1 levels, we also calculated the effects of DHPG on the ratio of the endocytosis to exocytosis rate constants (k endo /k exo ), which reveals an increase of similar magnitude ( Figure S2 ). To obtain a time constant for endocytosis, GluR1 internalization was examined in control and DHPG-treated cultures using longer periods for endocytosis of biotinylated receptors (15 and 30 min). A fit of this data using a single-exponential function revealed a time constant of endocytosis (t) of 10.2 ± 2 min for control cultures that is consistent with previous measurements (Ehlers, 2000; Lee et al., 2004; Lin et al., 2000) . One hour after DHPG, the time constant for GluR1 endocytosis became more rapid (t = 5.5 ± 1 min; Figures 1C and 1D) . With a first-order kinetic model, t = 1/(k endo + k exo ). Therefore, if t decreases after DHPG, then the sum of k endo and k exo must increase. Because the endocytosis rate goes up, this strongly points to an increase in k endo .
NMDA receptor dependent-LTD also results in long-term decreases in surface AMPARs (Carroll et al., 1999; Colledge et al., 2003) . To determine whether NMDAR-LTD is associated with persistent increases in GluR1 endocytosis rate, cultures were treated with NMDA (20 mM, 3 min), which elicited longterm decreases in surface GluR1 (Colledge et al., 2003) but did not persistently alter GluR1 endocytosis rate, in contrast to mGluR stimulation (Figures 1A and 1B and Table S1 ). mGluRinduced long-term increases in GluR1 internalization were also detected using immunofluorescence and ratiometric measurements of internalized to surface GluR1 puncta within the same neuron (Lin et al., 2000) (Figures 1E and 1F ). One hour after DHPG treatment, the internal to surface ratio of GluR1 was elevated above control, untreated neurons, whereas NMDA-treated cultures showed no long-term change in GluR1 internalization rate.
Inhibition of mRNA translation prevents DHPG-induced LTD and the associated decreases in surface GluR1 (Huber et al., 2000; Snyder et al., 2001) . Here, we observed that the translation inhibitor anisomycin (25 mM) blocked the late surface decreases in GluR1 expression as well as the persistent increase in GluR1 endocytosis rate after DHPG treatment ( Figures 1A and 1B and Table S1 ). In contrast, NMDA-induced decreases in surface GluR1 persisted in anisomycin ( Figure S3 ) (Davidkova and Carroll, 2007) . These results suggest that prolonged increases in GluR1 endocytosis rate mediate mGluR-induced decreases in surface GluR1 and therefore LTD. They also suggest that mGluR-LTD requires new synthesis of a rate-limiting protein for GluR1 endocytosis.
MGluR Activation Induces Rapid Synthesis of ActivityRegulated Cytoskeleton-Associated Protein Arc is a well-known dendritic mRNA that has recently been shown to stimulate AMPAR endocytosis and is therefore a good candidate to mediate mGluR-LTD Lyford et al., 1995) . If so, then Arc should be synthesized in response to mGluR activation. In support of this idea, we observed that DHPG treatment of cultures leads to rapid increases in dendritic Arc protein levels (within 10 min) as detected with immunocytochemistry (Figures 2A and 2B) . Anisomycin, but not the DNA transcription inhibitor actinomycin D, blocked mGluR-induced increases in Arc, suggesting that mGluRs stimulate the new synthesis of Arc protein from pre-existing mRNA. In contrast, treatment of dissociated hippocampal neurons with a chemical induction paradigm for NMDAR-LTD (20 mM NMDA; 3 min) did not elicit an increase in dendritic Arc (A) Representative blots of surface (S), internalized (I) (100 mg pull-down), and total (T) GluR1 (10 mg protein) from cultures 1 hr after DHPG or NMDA in media or anisomycin (Aniso). (B) Brief DHPG (100 mM; 5 min) results in persistent (60 min) decrease in surface GluR1 and increases in endocytosis rate for GluR1 relative to control or mediatreated, sister cultures that are blocked by preincubation of cultures in anisomycin (20 mM). Although application of NMDA (20 mM; 3 min) results in a persistent (60 min) decrease in surface GluR1, it does not persistently alter GluR1 endocytosis rate. N = number of cultures per condition is on each bar. Paired t tests were performed on raw ratio values in treated versus their respective control, media-treated cultures (Table S1 ). (C) Representative western blots of internalized (I) and total (T) GluR1 in high-density hippocampal cultures. One hour after treatment with media or DHPG, surface receptors were labeled with biotin and allowed to internalize at 37 C for 5, 15, or 30 min, after which the remaining surface biotin was stripped off and internalized, biotinylated GluR1 was measured.
(D) Quantification of internalized/total GluR1 levels from data in (C) reveal that GluR1 endocytosis is not saturated at early time points (5 min) in either control or DHPG-treated cultures and therefore reflects endocytosis rate. N = 5 cultures per condition. A best-fit single-exponential association function (using the Marquardt and Levenberg method) was used to obtain a t for endocytosis. immunofluorescence ( Figure S3 ). Increases in dendritic Arc levels could be due to local, dendritic synthesis of Arc or rapid transport of Arc from the cell body. To address this question, we locally perfused a distal region of dendrite with DHPG and then performed immunocytochemistry for Arc ( Figure 2B ) (Sutton et al., 2007) . To identify the perfused region, Alexa 488 hydrazide was included in the perfusion pipette. Arc levels were elevated in the DHPG-perfused region in comparison to neighboring untreated dendrite (paired t test; n = 8 dendrites from 4 cultures; p = 0.01). These increases in dendritic Arc were due to new protein synthesis, because they were blocked by the presence of anisomycin in the bath ( Figure 2B ; DHPG versus DHPG + anisomycin; n = 8 dendrites from 4 cultures per condition; p = 0.04). This demonstrates that local, dendritic activation of mGluRs is sufficient to induce synthesis of dendritic Arc. Similar to cultured neurons, DHPG treatment (100 mM; 5 min) of acute hippocampal slices increased total Arc protein levels as quantified by western blot, and this increase was blocked with anisomycin ( Figure 2C ). DHPG-induced LTD occurs in dendrites that have been severed from the CA1 cell body layer and is therefore thought to be dependent on dendritic synthesis of new proteins (Huber et al., 2000) . To determine whether DHPG increases Arc protein in isolated dendrites, we treated slices in which the CA1 pyramidal neuron soma had been mechanically severed from the dendrites. DHPG effectively increased Arc levels in isolated dendrites as detected by immunohistochemistry ( Figure 2D ). To determine whether mGluRs stimulated synaptic synthesis of Arc, 35 S methionine (Met) was added simultaneously with DHPG (100 mM) to hippocampal synaptoneurosomes ( Figure 2E 1 ) and incubated for 15 min. Arc was subsequently immunoprecipitated from synaptoneurosomes. DHPG increased 35 S Met incorporation into Arc, which was blocked by preincubation of synaptoneurosomes in anisomycin ( Figure 2E 2 ). Together, these results provide strong evidence for rapid and dendritic synthesis of Arc protein in response to mGluR-LTD induction.
Knockdown of Arc Protein Increases Basal Synapse Function and Surface AMPAR Expression
To determine whether mGluR-mediated AMPAR trafficking and mGluR-LTD require Arc, we utilized a lentivirus expressing short-hairpin (sh) RNA to knock down Arc mRNA and protein (shArc) (Rial Verde et al., 2006) . Ten to twelve days after infection of dissociated hippocampal neurons with shArc, total dendritic Arc immunoreactivity was reduced by 83% ± 2% (Figures 3A and 3B) in comparison to control neurons infected with a lentivirus expressing a shRNA against DsRed (shDsRed). Consistent with previous work, knockdown of Arc lead to increased excitatory synaptic function as measured by mEPSC amplitude ( Figure 3C ) (Rial Verde et al., 2006; Shepherd et al., 2006) . There was also a trend for increased mEPSC frequency in neurons infected with shArc ( Figure 3C ). Input resistance and capacitance were not different between shArc-infected, shDsRed-infected ( Figure 3B ), or uninfected neurons (R M = 190 ± 20 MU, C M = 19 ± 2 pF, n = 20 cells). The stability of these parameters, together with the observed increase in synaptic function, reduce concerns of off-target effects of these shRNAs (Alvarez et al., 2006) . Along with increased synaptic function, shArc-infected neurons exhibited a slight increase in surface GluR1 levels in comparison to shDsRed-infected cultures ( Figures 3D and 3E ), consistent with a role for Arc in GluR1 endocytosis. These data indicate that endogenous levels of Arc reduce excitatory synaptic function and surface AMPAR levels.
Arc Knockdown Abolishes mGluR-Induced Changes in Surface AMPAR Expression and LTD We next utilized shArc-infected neurons to examine whether mGluR-mediated AMPAR trafficking requires Arc protein.
Depleting Arc levels in neurons abolished DHPG-induced decreases in GluR1 surface expression observed 15 min after DHPG treatment. In contrast, NMDA-induced decreases in surface GluR1 remained intact ( Figures 4A and 4B ). Because knockdown of endogenous Arc blocked surface GluR1 changes relatively quickly after DHPG (within 15 min), Arc may be necessary for mGluRs to trigger endocytosis of GluR1. In support of this idea, DHPG did not induce significant increases in GluR1 endocytosis in shArc-expressing neurons as measured using live antibody labeling of surface GluR1, in contrast to sister cultures expressing shDsRed (Figures 4F and 4G) .
mGluR-LTD results in decreases in mEPSC frequency (Moult et al., 2006; Snyder et al., 2001 ). To determine whether Arc was required for mGluR-LTD of synaptic function, we performed whole-cell patch-clamp recordings from neurons infected with lentivirus expressing either shArc or shDsRed. In shDsRed-expressing cultures, DHPG application induced a decrease in mEPSC frequency 10 min after drug washout (p = 0.02). In contrast, DHPG was ineffective in decreasing mEPSC frequency in shArc-expressing neurons (p = 0.78; Figures 4D and 4E ). Furthermore, the magnitude of DHPG-induced LTD of mEPSC frequency was different between shArc-and shDsRed-infected neurons (p = 0.02). These findings demonstrate that endogenous Arc is required for mGluR-induced decreases in surface AMPARs and synaptic function.
Rapid Translation of Arc Is Necessary for mGluRInduced Decreases in Surface GluR1 and LTD Although knockdown of endogenous Arc blocks mGluR-induced synaptic changes, these experiments do not address whether new synthesis of Arc in response to mGluRs is required for LTD. To acutely block new synthesis of Arc, we employed an antisense oligonucleotide against Arc mRNA to specifically block its translation. We acutely introduced the Arc antisense oligo or a control mismatch oligo (with five mismatched nucleotides) into cultured neurons using lipid-mediated transfer. Thirty minutes after oligo delivery, neurons were treated with DHPG and processed for Arc immunofluorescence. DHPG induced a rapid increase (within 10 min) in dendritic Arc immunoreactivity in the presence of Arc mismatch oligo. Pretreatment with Arc antisense oligo effectively blocked DHPG-induced increases in Arc without altering basal Arc levels ( Figure 5A ). The Arc antisense oligos do not generally impair mGluR-stimulated protein synthesis, because they did not affect DHPG-induced increases in dendritic MAP1b ( Figure S4 ).
Using the antisense oligo, we tested the effects of blocking rapid Arc synthesis on mGluR-induced GluR1 trafficking. Delivery of Arc antisense oligo into neurons did not affect basal levels of surface GluR1, but reduced the decrease of surface GluR1 observed 1 hr after DHPG treatment ( Figure 5B ). The ability to acutely block mGluR-stimulated increases in dendritic Arc and decreases in surface GluR1 was replicated with another Arc antisense oligo that targeted a different region of the Arc mRNA (Arc antisense 2; Figures 5A and 5B) (Messaoudi et al., 2007) . We hypothesize that mGluR-stimulated Arc translation mediates persistent increases in GluR1 endocytosis rate. To test this idea, we examined the effects of the Arc antisense oligos (or mismatch oligos) on mGluR-stimulated, long-term increases in GluR1 endocytosis rate using the ratiometric immunofluorescence method. One hour after DHPG treatment, GluR1 endocytosis rate was increased in cultures pretreated with mismatch control oligos. In contrast, cultures pretreated with Arc antisense oligos failed to demonstrate persistent increases in GluR1 endocytosis rate after DHPG ( Figures 5C and 5D ). These data support our hypothesis that mGluR-induced synthesis of Arc leads to long-term increases in AMPAR endocytosis rate.
To determine whether rapid Arc synthesis is required for DHPG-induced LTD of evoked EPSCs, we introduced Arc antisense oligos (or mismatch oligo; 250 mM) into CA1 pyramidal neurons of acute rat hippocampal slices via a whole-cell recording pipette. At least 30 min after breaking into the cell, LTD induction was attempted with bath DHPG application (100 mM; 5 min). LTD was observed in cells infused with control mismatch oligos (74% ± 5% of baseline 40À50 min post-DHPG; n = 7; p < 0.001; Figure 6A ). In contrast, DHPG failed to induce LTD in neurons infused with Arc antisense oligo (92% ± 8%; p = 0.43; n = 7; Figure 6B ). All LTD experiments were performed either within the same slice using two simultaneous patch-clamp recordings of neighboring CA1 neurons (one filled with each oligo) or on the same day from a sister slice. The level of LTD in cells filled with Arc antisense oligos was reduced in comparison to cells filled with control mismatch oligo (paired t test with same day control; p = 0.007; Figure 6D ).
Overexpression of Arc Protein Decreases Basal Levels of Surface AMPARs and Occludes mGluR-Dependent Decreases in AMPAR Surface Expression
Our data indicate that Arc and rapid synthesis of Arc are necessary for mGluR-LTD and decreases in surface AMPARs. Expression of Arc alone may be sufficient to stimulate endocytosis and decrease surface expression of GluR1 and thereby prevent or occlude subsequent mGluR-induced changes in AMPAR trafficking. To test this, we overexpressed an N-terminally GFPtagged Arc in neurons via lentiviral-mediated expression . As previously observed, Arc overexpression increased GluR1 internalization and decreased surface GluR1 in comparison to neurons infected with lentivirus expressing GFP only ( Figures 7A-7D) Rial Verde et al., 2006) . Overexpression of Arc protein also occluded the effect of mGluR stimulation on AMPAR surface levels, suggesting that Arc expression alone is sufficient to mimic mGluR-LTD. Interestingly, Arc overexpression also occluded NMDA-stimulated decreases in surface GluR1 (Figures 7E and 7F) . Together with the results from Arc knockdown experiments (Figure 4 ), our data suggest that endogenous Arc is primarily utilized for mGluR-mediated AMPAR surface expression changes, and Arc overexpression impacts both mGluR and NMDAR-mediated AMPAR trafficking mechanisms.
DISCUSSION
Arc is a fascinating gene, because its induction coincides with recent salient experience and activity in neurons. Upon induction, Arc mRNA is transported to dendrites, but little is known about the role of local Arc synthesis in synaptic plasticity. Furthermore, mGluR-dependent LTD depends on the rapid synthesis of new dendritic proteins, but the proteins that mediate LTD were unknown. Here, we provide evidence that induction of LTD with brief mGluR activation in cultured neurons is associated with persistent increases in GluR1 endocytosis rate that relies on new Arc synthesis. mGluR-LTD inducing stimulation causes rapid synthesis of Arc protein in isolated dendrites and synaptoneurosomes, implicating local or synaptic synthesis of Arc (Figure 2 ). Knockdown of endogenous Arc results in increased surface GluR1 and mEPSC amplitudes but prevented mGluR-induced changes in AMPAR trafficking and mEPSCs, demonstrating a role for Arc in both constitutive and mGluR-triggered AMPAR endocytosis (Figures 2 and 3) . Arc overexpression is sufficient to mimic and occlude mGluR-induced decreases in surface GluR1, providing evidence for a common, shared mechanism between Arc-induced depression and mGluR-LTD. Together, these data support a model by which mGluRs trigger AMPAR endocytosis through existing Arc protein, as well as stimulate local synthesis of Arc that results in a long-term increase in AMPAR endocytosis rate. The increased endocytosis rate then maintains decreased surface GluR1 expression and LTD.
mGluR-LTD Is Associated with Persistent Increases in GluR1 Endocytosis Rate
Using two methods to label surface GluR1, receptor biotinylation and live antibody feeding, we observed greater intracellular accumulation of labeled GluR1 1 hr after induction of mGluR-, but not NMDAR-dependent LTD. Because GluR1 accumulation was measured for a brief period of time (5 min in biotinylation experiments; Figures 1A and 1B) , we assert that this is primarily a reflection of endocytosis rate. This is based in part on previous work in cultured neurons that the time constant for GluR1 recycling is about 10 min (Ehlers, 2000) . Therefore, recycling is not likely to significantly decrease the intracellular GluR1 accumulation measurements. The increases in GluR1 endocytosis rate observed using biotinylation were greater than observed with ratiometric immunofluorescence ( Figures 1B and 1F) , which is likely due to recycling of GluR1 back to the surface during the longer endocytosis periods required for the immunofluorescence experiments. Additionally, antibody labeling of GluR1 slows internalization in comparison to biotin labeling (Lin et al., 2000) . To maintain a steady-state level of AMPARs during LTD in the face of a persistently elevated endocytosis rate, the exocytosis rate must also increase. Exocytosis rate increases could result from either an increase in the internal pool of AMPARs or the exocytosis rate constant (kexo). Because we did not directly measure these variables, we cannot address the source of any exocytosis rate changes. In addition, we observe decreases in both surface GluR1 and GluR2/3 ( Figure S1 ), suggesting that similar persistent alterations in GluR2/3 endocytosis rates may also occur after DHPG. Shepherd et al., 2006) . However, we find that Arc is specifically required for an mGluR-as opposed to NMDAR-dependent LTD. Although NMDA treatment elicits a prolonged decrease in surface AMPAR levels, induction of NMDAR-LTD does not require protein synthesis or Arc protein, nor is it associated with persistent increases in AMPAR internalization rates ( Figures  1, 4, and S3) . Furthermore, stimuli that typically induce NMDAR-LTD, such as low-frequency stimulation (1 Hz; LFS), do not induce Arc transcription or translation (Steward and Worley, 2001) . Similarly, we observed that chemical induction of NMDAR-LTD did not increase Arc levels ( Figure S3 ). Previous work found that LFS-induced LTD is absent in the Arc knockout (KO) mouse . However, it was unclear from this study whether an mGluR-or NMDAR-dependent LTD was deficient in the Arc KO. Alternatively, in our study, the 20% of endogenous Arc remaining after Arc knockdown may be sufficient to support NMDAR-LTD (Figures 3 and 4) . NMDAR and mGluR-LTD in area CA1 utilize distinct mechanisms and affect different synapses or populations of AMPARs (Huber et al., 2000 Oliet et al., 1997) . Our data suggest that the presence of Arc at synapses or with AMPARs makes them selectively susceptible to mGluR-induced endocytosis and LTD.
Endogenous Arc Is Required for mGluR-but
In contrast to the effects of Arc knockdown with shArc, overexpression of GFP-tagged Arc inhibited both NMDA-and mGluR-induced decreases in surface GluR1 (Figures 4 and 6) . Because Arc-GFP alone reduced surface GluR1 levels by 40%, we conclude that both LTD mechanisms were saturated, which prevented further surface GluR1 decreases in response to agonist. This is consistent with the previous finding that Arc overexpression in organotypic hippocampal slice cultures occludes an LFS-induced LTD that is presumably NMDAR dependent (Rial Verde et al., 2006) . Therefore, extremes of Arc expression such as a complete knockout or overexpression may impact both mGluR and NMDAR-LTD mechanisms, whereas mGluR-LTD is more sensitive to Arc protein levels and blockade of new Arc synthesis.
mGluRs Induce Rapid and Local Translation of Arc Upon induction, Arc mRNA is rapidly transported into dendrites, but it is unknown whether Arc is locally translated in response to synaptic activity (Steward et al., 1998; Steward and Worley, 2001) . Here, we provide strong evidence for dendritic and synaptic synthesis of Arc in response to mGluR activation (Figure 2) . (1) Bath application of DHPG induced a rapid (10 min) increase in dendritic Arc levels that relied on protein synthesis from preexisting mRNA. (2) Local dendritic activation of mGluRs was sufficient to induce an anisomycin-sensitive increase in dendritic Arc. (3) mGluR activation of synaptoneurosomes increased 35 S Met incorporation into Arc. (4) Dendrites that were severed from their cell bodies displayed increased Arc levels in response to DHPG. The latter result indicates that the increases in dendritic Arc do not stem from soma-mediated synthesis and transport of Arc into dendrites. Although our results suggest that Arc mRNA is present in dendrites of CA1 neurons in acutely prepared slices, this needs to be confirmed. Together, these results provide strong evidence that mGluRs locally synthesize Arc and utilize new Arc to maintain enhanced GluR1 endocytosis rates and LTD. Future experiments are required to establish the role of Neuron Arc/Arg3.1 and mGluR-LTD 0 UTR of the Arc mRNA in mGluR-LTD. To study mGluR-induced AMPAR trafficking and Arc synthesis during LTD in cultured neurons, we utilized DHPG. We have previously demonstrated that DHPG-induced LTD shares common mechanisms with a synaptically induced form of mGluR-LTD (Huber et al., 2002 (Huber et al., , 2000 Volk et al., 2007) and would predict that synaptically induced mGluR-LTD would stimulate and require dendritic synthesis of Arc.
Endogenous Arc Is Required for mGluRs to Trigger AMPAR Endocytosis
Knockdown of endogenous Arc caused a decrease in surface GluR1 and mEPSCs in unstimulated cultures, indicating a role for Arc in constitutive AMPAR cycling. This supports previous findings with siRNA-mediated knockdown or knockout of Arc (Rial Verde et al., 2006; Shepherd et al., 2006) . Surprisingly, we observed that endogenous Arc is required for mGluRs to trigger endocytosis and decreases in surface GluR1 (Figure 4) . Arc interacts with components of the endocytosis machinery, endophilin 3 and dynamin 2, but not AMPARs . Therefore, mGluRs may stimulate association of existing Arc with endocytosis machinery, the synaptic membrane, or interacting proteins of GluR1 to induce endocytosis. In addition, blockade of mGluR-induced Arc synthesis using antisense oligos inhibited the long-term effects of mGluRs on GluR1 surface expression, endocytosis rate, and evoked EPSCs ( Figure 5 ). Therefore, in order to maintain plasticity, mGluRs synthesize more of an existing and limited component of the AMPAR endocytosis machinery, as opposed to a novel protein.
mGluR-dependent LTD exists in a number of brain regions, where it has a common requirement for new protein synthesis, despite differences in LTD expression mechanism (Mameli et al., 2007; Snyder et al., 2001) . For example, expression of mGluR-LTD onto dopaminergic neurons in the ventral tegmental area is mediated by insertion of low-conductance, GluR2-containing AMPARs that is supported by new synthesis of GluR2 (Mameli et al., 2007) . Furthermore, although we have demonstrated a requirement of Arc synthesis in mGluR-LTD in CA1, other candidate LTD proteins, such as MAP1b, regulate AMPAR endocytosis and are synthesized in response to mGluRs (Davidkova and Carroll, 2007; Hou et al., 2006) . Therefore, mGluRs may stimulate synthesis of a number of, perhaps functionally related, proteins that contribute to LTD.
Rapid Translation of Arc Is Required for the Persistence of Plasticity
Acute blockade of Arc synthesis using antisense oligos was first demonstrated to inhibit the late phase of LTP in vivo, as well as hippocampal memory consolidation (Guzowski et al., 2000) . More recently, it has been shown using this same method that LTP in the dentate gyrus requires sustained synthesis of Arc for 2 hr after induction (Messaoudi et al., 2007) , and Arc KO mice have a deficit in late-phase LTP . Together with our work, this indicates that rapid translation of Arc is important to maintain both synapse strengthening and weakening. Different functional domains of Arc may have distinct roles in LTP or LTD. During LTP, Arc is thought to function in the regulation of cofilin dephosphorylation and actin polymerization decreases in surface GluR1 in neurons pretreated with either Arc antisense oligo, in contrast to neurons treated with mismatch oligos. Data from two to three cultures/condition. (C) Representative double-label images of surface (green) and internalized (red) GluR1 in dissociated hippocampal neurons treated with Arc antisense or mismatch oligo. One hour after media (control) or DHPG treatment (100 mM, 5 min), live neurons were labeled with GluR1 antibody. (D) Ratiometric quantification of internal to surface GluR1 in the same dendrites reveals that Arc antisense oligo blocks DHPG-induced, long-term increases in GluR1 endocytosis rate. Data from two cultures per condition. In all images, scale bars = 10 mm. *p < 0.05, **p < 0.01, ***p < 0.001*. Error bars represent SEM. ( Messaoudi et al., 2007) . If Arc is required for stabilization of structural synaptic plasticity, then multiple forms of plasticity could conceivably utilize Arc. mGluRs stimulate structural changes in dendritic spines that require new protein synthesis, but it is unknown whether these changes contribute to LTD or require Arc (Vanderklish and Edelman, 2002) .
Implications of Arc Involvement in mGluR-LTD
The discovery of a protein whose synthesis is required for mGluR-LTD, such as Arc, may have important implications for understanding the neurobiological mechanisms of fragile X syndrome (FXS). In the mouse model of fragile X syndrome, Fmr1 KO mice, mGluR-LTD is enhanced and no longer requires new protein synthesis (Hou et al., 2006; Huber et al., 2002; Koekkoek et al., 2005; Nosyreva and Huber, 2006) . In Fmr1 KO mice, mGluR-LTD is also associated with a long-term reduction in surface AMPARs. However, in contrast to wild-type littermates, mGluR-induced decreases in surface AMPARs in Fmr1 KO mice persist in anisomycin (Nosyreva and Huber, 2006) . FMRP associates with Arc mRNA, and Arc mRNA translation may be dysregulated in Fmr1 KO mice (Iacoangeli et al., 2008; Zalfa et al., 2007 Zalfa et al., , 2003 . This work, together with our findings that Arc synthesis is necessary for mGluR-LTD at wild-type synapses, suggests that altered regulation of Arc at Fmr1 KO synapses may account for the abnormal LTD.
Arc mRNA is induced and transported to dendrites within 1 hr after neuronal activation (Link et al., 1995; Steward et al., 1998; Steward and Worley, 2001) . Once Arc mRNA is in dendrites, it accumulates at active synapses within 15 min (Steward and Worley, 2001) . Our findings would predict that synaptic mGluR activation is more likely to induce LTD in a time window following salient, Arc-inducing events. LTD in the hippocampus, in general, is facilitated during exposure to novelty and is hypothesized to encode novel objects in a spatial context (Kemp and (D) Quantification of surface GluR1 puncta number in GFP-or Arc-GFP-infected neurons treated with media (control) or DHPG reveal that Arc-GFP overexpression decreases basal surface GluR1 levels and blocks DHPG-induced decreases in surface GluR1. Data from three cultures. (E) Representative images of surface GluR1 staining in neurons infected with lentivirus expressing GFP or Arc-GFP. Neurons were treated with media (control) or NMDA and fixed 1 hr after onset of treatment. (F) Quantification of surface GluR1 puncta number in GFP-or Arc-GFP-infected neurons treated with media (control) or NMDA reveal that Arc-GFP overexpression decreases basal surface GluR1 levels and blocks NMDA-induced decreases in surface GluR1. Data from three cultures. Scale bars, 10 mm. *p < 0.05, **p < 0.01, ***p < 0.001*. Error bars represent SEM. Manahan-Vaughan, 2004 Manahan-Vaughan and Braunewell, 1999) . Novelty is a robust Arc induction stimulus and may underlie the facilitation of LTD and the encoding of novel objects (Guzowski et al., 2006; Kelly and Deadwyler, 2002; Ons et al., 2004) . mGluR-LTD, in particular, is enhanced after exposure to stress or cocaine, stimuli known to induce Arc mRNA (Chaouloff et al., 2007; Fosnaugh et al., 1995; Mameli et al., 2007; Mikkelsen and Larsen, 2006; Ons et al., 2004) . Therefore, the local translation of Arc by mGluRs and facilitation of LTD may function to depress synapses whose activation occurs within a time window after behaviorally relevant stimuli.
EXPERIMENTAL PROCEDURES Dissociated Hippocampal Culture
Cultures were prepared from CA1/CA3 hippocampal regions from P0-P2 hooded Long Evans rats as described (Lin et al., 2000; Volk et al., 2007) . Experiments were performed at 19-22DIV.
Drug/Oligo Treatments All drugs were prepared in H 2 0 or media except actinomycin D (prepared in 0.1% DMSO). Vehicle controls were performed on sister cultures. Arc antisense oligo #1 (AGT GTA GTC GTA GCC ATC AGC; targets bp 700-720 of Arc gene) or Arc antisense oligo #2 (CCC ATT CAT GTG GTT CTG; bp 943-960) (Messaoudi et al., 2007) or their control mismatch oligos for #1 (AGG GTA TTC GAA GCT ATC CGC) or #2 (CGC ATA CCT GTC GTT TTG; 20 nmoles) were combined with Lipofectamine 2000 (Invitrogen) and placed on cultures for 30 min (37 C) prior to experiments. In acute slice recordings, internal solution contained 250 mM of oligonucleotides.
Lentivirus Construction and Production DNA insert encoding a short-hairpin RNA targeting the Arc/Arg.3 gene (shArc) was cloned into a Lenlox b-actin GFP vector (Chih et al., 2005; Rial Verde et al., 2006) . As a control, Lenlox vector with an shRNA targeting the DsRed gene (shDsRed) was provided by Dr. Peter Scheiffele (Columbia University) (Chih et al., 2005) . For production of lentivirus, HEK293FT cells were transfected with shArc (or shDsRed) and two helper plasmids, D8.9 and VSVG, using Fu-GENE (Roche). After 48 hr, media was collected and filtered (0.45 mm). Hippocampal cultures were infected at 7-10DIV at a titer to infect 90% of neurons and analyzed at 21DIV. A plasmid expressing an N-terminal fused Arc-GFP was provided by Dr. Paul Worley at Johns Hopkins University and was cloned into the FUGW lentiviral vector provided by Dr. Thomas Sü dhof at UT Southwestern (Lois et al., 2002; Shepherd et al., 2006) .
Receptor Biotinylation
High-density hippocampal cultures (800 neurons/mm 2 ) were incubated in 1 mM tetrodotoxin (TTX; 15-60 min) prior to and during treatment with R,Sdihydroxyphenylglycine (DHPG; 100 mM; 5 min) or N-methyl-D-aspartate (NMDA; 20 mM; 3 min). To measure surface GluR expression, after 10 or 50 min, neurons were incubated in 1 mg/ml EZ-link-NHS-biotin (Pierce; 4 C; 20 min) as described (Ehlers, 2000; Nosyreva and Huber, 2005) . To measure internalized receptors, 1 hr after DHPG or NMDA treatment, cultures were incubated with EZ-link-NHS-SS-biotin (2 min; 37 C) and allowed 5, 15, or 30 min for endocytosis. Surface biotin was stripped off with 50 mM glutathione (23; 20 min; 4 C) that was then quenched with 50 mM iodoacetamide. Neurons were washed in TBS, lysed in RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 1% Triton X-100, 0.1% SDS, 0.5% Na-deoxycholate, 150 mM NaCl, 2 mM EDTA, 50 mM NaH 2 PO 4 , 50 mM NaF, 10 mM Na 4 P 2 O 7 , 1 mM Na 3 VO 4 , and protease inhibitor cocktail III (Calbiochem), and centrifuged at 14,000 3 g (15 min; 4 C). Ten microgramss of protein were removed for total (T) protein measurements, and 100 mg of protein was mixed with 100 ml of Immobilized NeutrAvidin beads (Pierce) by rotating for 3 hr at 4 C. Biotinylated proteins were eluted and blotted as described (Nosyreva and Huber, 2005) against GluR1 (1:200, Chemicon) or GluR2/3 (1:1000, Chemicon).
Western Blotting for Arc Protein
Acute hippocampal slices were prepared from C57Bl6 mice, treated and blotted for Arc (Santa Cruz; C7; 1:1000) or valosin-containing protein (VCP; 1: 10,000; gift from Dr. Thomas Sü dhof) as described (Nosyreva and Huber, 2006) . Data are presented as percent of within-animal controls.
Immunofluorescence Surface expression of AMPAR subunit GluR1 was labeled in low-density cultures (250 neurons/mm 2 ) after treatment with media, DHPG, or NMDA as described (Ehlers, 2000; Volk et al., 2007) . Ratiometric measurements of internalized and surface GluR1 were performed as described (Lin et al., 2000) . Fluorescence images were acquired on a Nikon TE2000 microscope with a cooled CCD camera (CoolSnap HQ; Roper Scientific) and quantified with Metamorph software (Molecular Devices). Healthy neurons are first identified by their smooth soma and multiple processes under DIC microscopy. GluR1 immunoreactive puncta are defined as discrete points along a dendrite (within 50 mm from the soma) with fluorescence intensity at least twice the background staining of a region adjacent to the dendrite. For each neuron, GluR1 puncta are analyzed in three dendrites. GluR1 puncta number from each dendrite was averaged and represents the value for that cell, and this value equals an n of 1. 5-30 cells were analyzed per condition in each culture. n values are indicated on the bar graphs of group data in each figure. Statistical comparisons were performed with the n = to number of cells. Each experiment was performed on two to eight separate cultures (as indicated) with three different coverslips per condition. For Arc immunofluorescence, neurons were fixed and permeabilized with methanol (À20 C; 10 min) incubated in 1 Anti-Arc (Santa Cruz; C7 mAb; 1:100 or Synaptic Systems; pAb; 1:800). For MAP1b immunofluorescence, neurons were processed as described (Davidkova and Carroll, 2007 ) using a pAb to MAP1b (1:1200) kindly provided by Dr. I. Fischer (Drexel University). The total area of dendritic fluorescence was quantified and normalized to the control (untreated) conditions in sister cultures.
Electrophysiology
Whole-cell patch-clamp recordings were performed on visualized (with IR-DIC and GFP) low-density dissociated hippocampal neurons. Neurons were perfused at 1 ml/min at 37 C in Tyrode's (in mM): NaCl, 150; KCl, 4; HEPES, 10; glucose, 10; CaCl 2 , 2; MgCl 2 , 2; picrotoxin, 0.1; TTX, 0.001; pH 7.4. Patch electrodes (3-7 MU) were filled with (in mM): 0.2 EGTA, 130 K-gluconate, 6 KCl, 3 NaCl, 10 HEPES, 4 ATP-Mg, 0.36 GTP-Na, 14 phosphocreatine-Tris; pH 7.2, 285 mOsm. Cells were voltage clamped at À60 mV. Synaptic currents (mEPSCs) capacitance, series resistance, and input resistance were measured as described . Cells had a stable series resistance <30 MU. mEPSCs were detected offline using MiniAnalysis (Synaptosoft Inc) . mEPSC interevent interval was compared during a 5 min baseline and a 5 min window 10 min after DHPG washout ( Figures  4D and 4E ). Whole-cell voltage-clamp recordings from rat (P26-34) hippocampal slices was performed as described (Volk et al., 2007) . Input resistance values ranged from 160 to 320 MU. Series resistance (12-36 MU) was stable before and after DHPG application.
Local, Dendritic DHPG Perfusions Dissociated neuronal cultures (30 C) were visualized, and an injector pipette (patch pipette; 4-5 MU) containing DHPG (500 mM) and Alexa Fluor 488 hydrazide (10 mg/ml; Invitrogen) in Tyrode's (pH 7.1-7.3, 290-310 mOsm) was placed near ($50-100 mm) a dendrite. A suction pipette (0.5-1 MU) was placed on the other side of the dendrite with continual suction as previously described (Sutton et al., 2007) . The perfusion and suction were controlled by connection to a pressurized nitrogen regulator and flow pump, respectively. The dendrites were perfused for 10 min. Anisomycin (25 mM) was added to both the bath and the perfusate. After perfusion, the coverslip was immediately processed for immunofluorescence. The perfused region was identified by Alexa 488 fluorescence and comparison to a digital image taken during perfusion.
Cut Dendrite Experiments CA1 region dendrites in rat hippocampal slices were cut as described (Huber et al., 2000) . Five minutes after treatment with either ACSF or DHPG, slices were fixed (4% PFA; O.N.; 4 C), mounted in agarose (3%), and resectioned at 50 mm. Free-floating sections were blocked (10% goat serum; 0.7% Triton X-100 in PBS; 1 hr), incubated overnight in 1 Anti-Arc (Synaptic Systems; 1:400) and b III tubulin (Abcam; 1:1000). Z series (1 mm sections) of stratum radiatum were taken on a Zeiss LSM 510 laser-scanning confocal microscope. For each experiment, images were taken with the same laser and scanning configuration to allow for comparison across conditions. Image analysis was performed on z-compressed image stacks. Using Zeiss LSM software, each analyzed dendrite was traced with a 50 mm line. The average Arc fluorescence intensity of the dendrite length was calculated from the fluorescence intensity profile. Cut and uncut dendrites were analyzed from the same image, at similar distances from the cell body.
S Met Labeling of Synaptoneurosomes
Hippocampal synaptoneurosomes were prepared from 4-to 5-week-old Long-Evans rats, as described (Muddashetty et al., 2007; Quinlan et al., 1999) . Briefly, hippocampi were homogenized in buffer containing (in mM) 118 NaCl, 4.7 KCl, 1.2 MgSO 4 , 2.5 CaCl 2 , 1.53 KH 2 PO 4 , 212.7 glucose, 1 DTT (pH 7.4), and protease inhibitor cocktail (Calbiochem). The homogenate was passed through two 100 mm nylon filters and one 5 mm PVDF membrane (Millipore). Filtrate was centrifuged at 1000 3 g for 10 min, and the pellet was resuspended in homogenization buffer. Western blots of hippocampal homogenate (input), pellet, and supernatant were performed to verify enrichment of synaptic proteins (PSD-95; 1:2000, Affinity Bioreagents) and reduction of glial (glial fibrillary acidic protein; GFAP; 1:500; Sigma), nuclear (acetyl-Histone H3; 1:5000; Upstate), and nonsynaptic neuronal proteins (bIII-tubulin; 1:10,000; AbCaM) in synaptoneurosomes (pellet). Synaptoneurosome samples were prewarmed for 10 min at 37 C and treated with 100 mM R,S-DHPG and 50 mCi [ 35 S] protein labeling mix (Perkin Elmer) for 15 min. After treatment, reactions were pelleted at 100 3 g for 10 min and resuspended in lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, protease inhibitors). Radioimmunoprecipitation for Arc was performed as described (Muddashetty et al., 2007 ) using a polyclonal anti-Arc antibody (Lyford et al., 1995) (pAb; provided by P. Worley, Johns Hopkins University). Immunoprecipitated Arc was resolved by SDS-PAGE and blotted for Arc (mAb; 1:100, Santa Cruz). The Arcpositive band (55 kD; Figure 2E 2 ) was cut from the nitrocellulose and counted in a scintillation counter. The amount of 35 S incorporated in Arc was calculated as the counts per minute (CPM) from the specific band minus a nonspecific band from a lower molecular weight. The DHPG-treated samples were normalized to the control sample average for each rat and plotted as percent control.
Statistics
Independent or paired t tests were used for most statistical analysis, as indicated. For multiple comparisons, a Bonferroni correction (Figures 2A, 4B , 4C, 4G, 5A, 5B, 5D, 7D, and 7F) or two-way ANOVA (Figure 2A ) was performed. In all figures, group data are presented as average ± SEM and *p < 0.05, **p < 0.01, ***p < 0.001.
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